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SUMMARY 
A new immobilized flat plate photocatalytic reactor for wastewater treatment has been 
proposed in this study to avoid subsequent catalyst removal from the treated water. The 
reactor consists of an inlet, reactive section where catalyst is coated and an outlet parts. In 
order to optimize the fluid mixing and reactor design, this study aims to investigate the 
influence of baffles and its arrangement on the flat plate reactor hydrodynamics using 
computational fluid dynamics (CFD) simulation. For simulation, an array of baffles acting as 
turbulence promoters is inserted in the reactive zone of the reactor. In this regard, results 
obtained from the simulation of a baffled- flat plate photoreactor hydrodynamics for different 
baffle positions, heights and intervals are presented utilizing RNG k-ε turbulence model. 
Under the conditions simulated, the qualitative flow features, such as the development and 
separation of boundary layers, vortex formation, the presence of high shear regions and 
recirculation zones, and the underlying mechanism are examined. The influence of various 
baffle sizes on the distribution of pollutant concentration is also highlighted. The results 
presented here indicate that the spanning of recirculation increases the degree of interfacial 
distortion with a larger interfacial area between fluids which results in substantial 
enhancement in fluid mixing. The simulation results suggest that the qualitative and 
quantitative properties of fluid dynamics in a baffled reactor can be obtained which provides 
valuable insight to fully understand the effect of baffles and its arrangements on the flow 
pattern, behaviour, and feature.  
1. INTRODUCTION 
In recent years, the application of photocatalytic water treatment process has gained 
significant attention due to its effectiveness in degrading and mineralizing the organic 
contaminants in wastewater. However, when the catalyst is used in immobilized form it,s 
surface can be fouled due to higher level of pollutants in water. As a result the light 
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penetration through the bulk medium to the catalyst surface can be strongly inhibited and 
may reduce the overall effectiveness of the photocatalytic system. In addition, the lack of 
adequate mixing in an immobilized photocatalytic reactor can hinder the transfer of pollutant 
from the bulk of the liquid to the photocatalyst surface which results in a decrease in the 
performance of immobilized photocatalytic reactor for pollutant decontamination 
(Periyathamby and Ray, 1999; Dutta and Ray, 2004). Mixing of chemical reactants is a 
fundamental common operation in an efficient chemical reactor. The degree of optimum 
mixing largely depends on the relative distribution of mean and turbulent kinetic energy. 
Promoting turbulence by introducing internals such baffles is indicated to enhance the 
pollutant mass transfer in the immobilized photocatalytic reactor (Mehrotra and Ray, 2003). 
No detailed information on this aspect of photocatalytic system is available in current 
literature. Photocatalytic oxidation process can be simplified into four essential stages 
mixing, mass transfer, reaction, and separation by pollutant destruction. Since mixing is the 
first and the most crucial operation in this chain and conditions the subsequent operations, it 
has been of continuous interest from the fundamental as well as the technical point of view. 
Photochemical reactions are commonly carried out in two types of reactors: batch reactors 
and continuous reactors. The use of a stirred tank as a batch reactor, the most commonly 
employed system, has several disadvantages: abnormal fluid stagnation and inhomogeneous 
mixing, large energy consumption to maintain rotational movement of the moving parts, and 
large device dimensions. As an alternative, the use of baffles in a photocatalytic reactor can 
act as continuous static mixer which offers several advantages such as reduction of overall 
device dimensions, reduction of energy consumption by replacing moving parts, better 
process control, shorter residence time and improvement of reaction selectivity. For a given 
mass concentration of catalyst, Fabiyi and Skeleton (2000) have shown that the increase in 
mixing intensity lead to different effects in the slurry and immobilized photocatalytic 
reactors. With increasing mixing intensity, a reduction in reaction rates was observed for the 
slurry systems whereas significant improvements in the rate were observed for the case of 
immobilized/supported catalyst. Mixing enhancement via the release of turbulence in the low 
mass transfer region in an annular type phtotoreactor was recently discussed by Sengupta et 
al., 2001 and Duran et al. 2009, 2010. They indicated that the degradation of pollutant was 
significantly limited by mass transfer resistance in an immobilised photocatalytic reactor. 
These findings enunciate the necessity for further investigation on this aspect of a 
photocatalytic reactor to generate vortices by local flow instability mechanism, considerably 
increases mixing. Design of photocatalytic reactor is mostly based on the assumptions of 
uniform residence time and flow field. These assumptions are not realistic and neglecting the 
reactor hydrodynamic phenomena, which would occur in the reactor, may result in an 
inefficient design. There are some ways to improve the hydraulic efficiency of the reactor 
while minimizing the size of the dead zones. Earlier studies have indicated that one is to use a 
suitable baffle configuration. Nonetheless the use of baffles without enough caution would 
result in reactor with the worse performance than the reactor without a baffle. These make it 
essential to investigate the suitable position and size of the baffles in the reactor.There have 
been several works for modelling of water disinfection, however, numerical modelling of 
photocatalytic reactor hydrodynamics under various baffled configurations has not been 
addressed for wastewater treatment. In addition, investigation focusing at devising optimum 
reactor design for pollutant degradation is becoming an important research area. CFD has 
been applied to the modelling of photocatalytic reactors and reported its suitability for 
optimization of reactor design. This study aims to investigate the hydrodynamic performance 
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of a baffled flat plate photocatalytic reactor, because of its ability to generate large-scale 
stream-wise vortices, enhancing mass and momentum-transfer phenomena and turbulent 
energy dissipation in the flow over those of the simple un-baffled reactor. Numerical 
simulation allows accessing such local parameters of turbulence mechanism as turbulent 
kinetic energy, turbulence energy dissipation rate and others that are difficult to control 
experimentally in complex geometries. Several numerical test runs were conducted to predict 
the flow and pollutant concentration pattern of the flat plate photocatalytic reactor and the 
results obtained are discussed herewith. 
 
2. CFD MODELLING EQUATIONS 
In the present study, it is assumed that the fluid (water) is Newtonian, incompressible, 
isothermal, non-reactive, with constant physical properties and under turbulent steady state 
flow. Under these assumptions and following the Reynolds averaged Navier-Stokes (RANS) 
turbulence modeling approach (Ranade, 2002), the CFD model involves solving the 
continuity equation (1), Reynolds average Navier–Stokes equation (2) and time-average 
conservation of species equation (15) which are expressed as,   
 
                                                                                                                (1) 
 
                                                                                                                               (2) 
                                                                                                                     
                                                                                                                               (3)                                                                   
Where the over bar indicates a time-averaged value, ρ is the density, U (m s-1) is the velocity 
of fluid, P (Pa) is the pressure, and τ is the viscous stress tensor, mk is the mass fraction of 
species k, Jk is the diffusive flux of species k, and u and mk are fluctuating flow velocity and 
mass fraction of species k, respectively.  A turbulence model is a computational procedure to 
close the system of mean flow equations and solve them, so that a more or less wide variety 
of flow problems can be calculated. There are six known classical turbulence models 
including mixing length, standard k–ε, RNG k–ε, realizable k–ε, Reynolds stress and 
algebraic stress models (Launder and Spalding, 1974; Wilcox 2006). For a channel with a 
barrier, the RNG k–ε model is more suitable than the other k–ε family models due to its 
accuracy for solving eddy activities at relatively low Reynolds number (Cao et al. 2001). In 
the RNG version of the k–ε model the effect of small-scale turbulence is represented by 
means of a random forcing function in the Navier–Stokes equations. The RNG procedure 
systematically removes all small scales of motion from the governing equations by 
expressing their effects in terms of larger scale motion and a modified viscosity. This model 
was derived using a rigorous statistical technique and it is similar in form to the standard k–ε 
model presented (Launder and Spalding, 1974). The model provides the transport equations 
for k and ε as follows 
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       ,     C1ε=1.42,    C2ε=1.68      
 
    
 where,  ηo=4.38,     β=0.012   and,   
 The turbulent viscosity being calculated using the following relationship,  
 
2.1 Geometry of reactive module 
A 2D computational domain of the reactor employed in the CFD modeling is illustrated in 
Fig.1. For simulation, the height and length of the reactive module were considered to be 
2mm and 200 mm respectively. The width of the inlet and out let was assumed to 100 mm. 
This configuration was selected to reduce the computational time and to minimize the 
presence of dead and recirculating zones within the reactor (Capel 2008). The reactor 
geometry was constructed using GAMBIT 2.3.16, Fluent Inc.2006 and was discretized to a 
sufficiently large number of 3, 47,809 cells to ensure a grid independent solution. The finer 
computational grids have been employed near the baffles and walls by utilizing the fixed size 
function, where intense fluctuations of velocity and shear stress may exist. 
 
 
 
 
Figure1:  Schematic domain of the reactive module, h= baffle height, H= reactor depth, L= 
reactive module length. 
2.3 Solution strategies 
To limit computational requirements, a 2D pressure based-segregated solver with first order 
steady state formulation was used for the single phase modeling. The 2nd order up-wind 
differencing scheme was used to overcome numerical diffusion. The pressure-velocity-
coupling scheme was resolved with SIMPLE algorithm. This scheme allows for an improved 
convergence. Pressure was discretized with a PRESTO scheme because of its strong 
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convergence capability. To ensure the convergence of the numerical solution, the scaled 
residuals were monitored to a criterion of at least 10-4 for the continuity and momentum 
variables and k-ε as well as 10-6 for formic acid (FA) concentration. Additionally, the 
variation of velocity magnitude at one point of the computational domain located in an area 
of high velocity gradients was used as indicator of convergence. To obtain FA concentration 
field, firstly, equations of continuity (1) and motion (2) were solved for obtaining the flow 
field across the computational domain. Then, the equation of conservation of species (3) was 
solved using the converged flow solution. This solving strategy minimizes computation time 
and brings stability to the solution. 
    2.4 Boundary conditions 
For simulation, no slip boundary condition was specified at the bottom wall and the top 
surface was modelled as a non-shear wall. This automatically sets the normal fluid velocity to 
zero at top. At inlet and outlet, the VELOCITY-INLET and PRESSURE-OUTLET boundary 
conditions were imposed respectively. The hydraulic diameter of inlet and out let was fixed at 
100 mm. The inlet velocity was specified to be 0.5m/s. The operating pressure at the reactor 
outlet was set to be 50,000 Pa respectively. The direction of the flow was defined normal to 
the boundary. The turbulence intensity (TI) was set with values close to 5%. At the outlet, a 
fully developed flow (outflow) condition was applied. Formic acid was used as a model 
compound to test the influence of baffle height and location on the species mass fraction of 
FA. At the inlet a constant concentration of 0.0034 (mass fraction) was specified and zero 
specified mass fraction was used for the outlet and bottom wall.  
 
3. RESULTS AND DISCUSSION  
3.1 Influence of baffle position on flow field 
Improving reactor efficiency using non-mechanical devices such as manipulating the inlet 
structure, and installation of solid or perforated walls or baffles is an economical approach for 
water treatment reactor. The reactor containing baffles is thought to be more reliable, requires 
less maintenance and minimizes cost. Several investigations have indicated that the 
introduction of baffle in a reactor would improve the performance of mass transfer resistance 
by promoting mixing when catalyst is used in an immobilized reactor (Mehrotra and Ray 
2003; Sengupta et al.2001; Duran et al.2009). In order to identify the optimal location, 
several numerical simulations by placing a baffle at three different locations have been 
performed. The baffle height is considered to be 30% of the reactor depth (H) and its effect 
on the local stream lines was tested by positioning it at 0.125L, 0.25L, and 0.5L respectively. 
Fig.2 represents the stream lines pattern obtained from the simulation with an inlet velocity of 
0.5 m/s (Re=7500). It can be seen that a recirculation zone is formed at the downstream of 
each baffle location and the size of the dead zones appears to be sensitive to the position of 
the baffle. Since the presence of recirculation zone and its size in a reactor depends on the 
baffle height and location. The optimal design of baffle should be undertaken to avoid the 
formation of circulation zones and to ensure uniform flow structure. In this regard, choosing 
the optimum number of baffles is one of the practical strategies to minimize the formation of 
CFD SIMULATION OF TURBULENCE PROMOTERS IN A WATER TREATMENT 
REACTOR 
 
dead zones within a reactor. This observation will be discussed in the following sections. 
Fig.3 shows the velocity profiles over the reactive length for the baffle positions at 0.125L, 
0.25L and 0.5L respectively. It indicates that the common features are the core flow regions 
and the recirculation regions. 
 
 
 
 
Figure 2:  Effect of baffle positions on local stream contour functions for a) 0.125L b) 0.25L c) 0.5L. 
When flow is over the baffle, the fluid turning from the upstream channel bottom wall into 
the contraction produces a strong shear layer at the baffle tip. For the baffle at 0.125L, the 
maximum velocity magnitude appears to be around 1.19 m/s which is observed for a region at 
the top of the baffle. This might be associated to the reduction in cross section area and an 
increase in the kinetic energy of fluid. In contrast a region of low velocity is also observed to 
persist at and adjacent to the downstream of the baffle. This flow behaviour seems to prevail 
until the reattachment point which can be attributed to the occurrence of reverse flow. A 
velocity region with a magnitude of 0.566 m/s seems to exist between the above stated 
regions. Unfortunately, no measured data are available to verify the simulated results. 
However, the overall pattern of velocity vector fields are as good as can be expected. Similar 
observations have been made for the baffle positioned at 0.25L and 0.5L respectively. 
 
 
 
 
 
Figure 3:  Velocity contours (ms-1) for baffle position at a) 0.125L b) 0.25L c) 0.5L respectively 
3.2. Influence of baffle height on flow field  
The influence of baffle height on the local stream lines in reactive section are depicted in 
Fig.4 for a flow rate which corresponds to Re =7500. In simulation, the position of baffle is 
assumed to be at 0.5L and the range of baffle height which varies from 0.1H to 0.5H. It can 
be seen that the extent of recirculation region increase from 0.25L to 0.5L as the baffle height 
increases from 0.1H to 0.5H. For a given flow rate and location, it is well established that the 
friction factor will increase as the flow blockage ratio (baffle height to reactor height) 
increases in a flow channel. Higher magnitudes of velocity vectors (data not shown) are 
found to exist at the baffle tip for all tested baffle heights which could be associated to the 
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c) 
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smaller cross sectional area at baffle top.  Results reported here suggest that for a particular 
position, optimization of baffle height is essential to ensure a zone free from short-circuiting. 
In order to ensure adequate mixing in a reactor, optimum number of baffles should also be 
tested which will be discussed in the following section.   
 
 
 
 
 
 
 Figure 4:  Stream function contours for different baffle heights. 
 
3.3 Influence of baffle aspect ratios on turbulent kinetic energy 
The contour plots of turbulent kinetic energy are displayed in Fig.5 for different aspect ratios 
of baffle. The baffles with an aspect ratio of 1.5, 2.5, 5, and 7.5 were fixed at the middle of 
the reactive module. The peak turbulent intensity values predicted by the RNG k-ε turbulence 
model are seen on the front region of baffles top. A large turbulent kinetic energy zone is 
found which is extended over a region close to the main flow and it yield s a strong influence 
through turbulence intensity.  
 
 
 
 
 
 
  
 
Figure 5: Effect of baffle aspect ratios on turbulent kinetic energy (m2/s2) 
However, the turbulent intensity is observed to be very low at adjacent and upstream the 
baffle locations in the reactive module. By contrast a turbulent kinetic energy zone with 
lower magnitude is predicted in the reactive module in the absence of baffles which is 
indicated as a smooth reactor in the Fig.5. As expected the presence of baffle in the reactor 
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module could enhance the fluid mixing phenomenon which in effect will improve the mass 
transfer of pollutants from the bulk of the hydrodynamic solution to the catalyst surface. The 
smooth reactor exhibits a lower TKE due to the fact that it does not generate turbulence and 
thus does not have the scouring effects as compared to the reactor with baffles. 
3.4 Effect of baffle spacing on flow field 
It was hypothesized that more than one baffle should enhance the fluid mixing and mass 
transfer in the reactive module. Consequently, additional simulations were carried out in the 
presence of multiple baffles for a variety of spacing (d). To ensure minimal recirculation size 
in the region adjacent to the baffle, the tested baffles heights were specified to be 10 and 
17%of the reactor height respectively. The effect of baffle spacing on the flow field has been 
tested for the baffle intervals of 0.1L, 0.125L, 0.15L and 0.25L respectively. The results for 
multiple baffles simulation are presented in Fig.6. The distance between two successive 
baffles of 0.1H was selected so that they represent the positions in the wake of the first baffle. 
Interestingly, for the given shape, the seconded baffle did not bring much increase in the 
magnitude of velocity especially when two baffles were close to each other (data not 
reported).  
 
 
 
 
 
 
 
 Figure 6: Effect of baffle spacing on stream function for baffle height 0.17H (upper three) and 
0.1H (lower two) respectively. 
It was observed that the velocity vectors field is markedly influenced by the baffle spacing 
under the simulated conditions since it determines the required number of baffle when the 
length of reactive section is constant. It appears in particular that the size of recirculation 
zone is related with the baffle intervals which will in turn enhance the fluid mixing and mass 
transfer through the formation of wall vortices.  
3.5 Influence of baffle height on concentration field   
Using an inlet velocity of 0.5m/s (Re=7500), the contours of the mass fraction of formic acid 
in the  reactive zone as computed for various baffle heights that range from 0.1H to 0.5H  are 
shown in Fig.7.  The baffle is located at the place with a distance of 0.5L from the inlet. For 
the baffle heights studied, it can be observed that the concentration of FA along the 
photocatalyst-coated surface decreases as it approaches and passes the baffle for the given 
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position. Under the conditions simulated, a low FA concentration zone seems to persist 
adjacent to the baffle in both the upstream and downstream respectively. However, the extent 
of low concentration zone gradually disappears as the baffle height decreases from 0.5H to 
0.1H. This observation can be attributed to the variations in velocity gradient and the 
formation of recirculation zones near the baffle with different heights. This condition was 
examined through analysis of the velocity field in the system which exhibited a strong 
recirculation zone with various sizes at the downstream of baffle that creates higher velocity 
gradient in the flow distribution. 
 
 
 
 
 
 
 Figure 7: Contours of FA concentration for different baffle heights positioned at 0.5L. 
 
3.6 Influence of baffle location on concentration field 
The reactive section featured with a baffle at different locations is modelled to investigate the 
effects of baffle location. The height of the baffle is assumed to be 0.33H. The baffle was 
positioned at 0.125L, 0.25L and 0.5L respectively. The contours of the FA concentration are 
shown in Fig.8. For all the cases simulated, the low FA concentration zone spans about 0.25L 
of the reactive length. The low FA concentration zone appears to persist at the downstream of 
the baffle position. This observation was related to a recirculation zone next to the baffle that 
induces high velocity gradient regions in the flow distribution. 
 
 
 
 
 
 Figure 8:  Contours of FA concentration for baffle locations at a) 0.125L b) 0.25L c) 0.5L 
respectively. 
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4. CONCLUSION 
The effect of baffle on the flow field of a new flat plate photo catalytic reactor has been 
investigated using CFD simulation. The simulations permit the formulation of the following 
conclusions: (a) Boundary layer separation occurs downstream of the baffle, which depends 
on the height of the baffle and introduces a dead volume that renders approximately 50% of 
the photocatalyst coated area unexposed to the polluted feed stream. (b) The recirculation 
observed downstream of the baffle base will not only cause poor photocatalyst utilization, but 
also renders high mass fluxes of pollutant streams the active surface of the support. This issue 
has negative implications to the continuous operation of the reactor given that feed water 
pollutants will remain unconverted or will be oxidized to intermediate oxygenates that could 
be more toxic than the pollutant(s) in the feed stream. (c) To address these issues, further 
modification of the original design is suggested by replacing the geometrical shape of the 
tested solid baffle with other geometrical shapes to ensure uniform flow and mixing in the 
reactive module. The influence of baffle on the enhancement of local mass transfer in the 
reactive system merits further investigation. It is evident that the average value of wall shear 
stress will decrease with the increment of baffle interval, so does the pressure drop. Clearly, 
the optimization of baffle parameters (height and interval) should take these two competitive 
aspects into account to improve the mass transfer phenomenon.  
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